Introduction
Metamaterials are specially designed periodic structures (a ( ) that give rise to extraordinary optical properties that no natural materials can possess. It can have extremely large refractive index or a negative refractive index over a frequency band. The refractive index, n, determines how light travels in a medium and is related to the permittivity, ", and permeability, , by the relation n ¼ ð"Þ 1=2 . It was¯rst pointed out by Veselago that if " < 0 and < 0, then n becomes negative. 1 Nevertheless, there are no natural materials that possess negative permeability, though metals possess negative permittivity at subplasma frequency. 2 However it was Pendry's suggestion that negative refraction would make a perfect lens that drawn worldwide interests in this¯eld. 3À5 Besides subwavelength di®raction limited imaging, metamaterials have also found applications in areas such as wideband directive antennas, 6 band-stop¯lters, 7 radar absorbers, 8 broadband phase shifters, 9 cloaking 10,11 and far-¯eld optical microscopy. 12, 13 These can be achieved by engineering the propagation of light in the structure. This list of potential applications is non-exhaustive as more concentrated e®orts are currently ongoing all over the world to design new structures and improve on old ones. The beauty of using metamaterial structures in devices is that the design can be made much smaller with improved performances, or at least comparable performances with conventionally established techniques.
Ernest Abbe (1840À1905), a Germany physicist, discovered the resolution limit of optical microscope and described it with a well-known formula given by d ¼ =NA, where d is the minimum distance between two objects to be resolved by an illumination system of a light wavelength of and an objective lens of numerical aperture NA.
14, 15 The resolution limit of the conventional optical microscope is physically constrained by di®raction. It lasted for more than a century and a lot of research e®orts have been put in overcoming it. It was not only until 2000, when Pendry proposed an idea termed as \perfect lens" -a thin slab of°at negative refractive index material -that was theoretically able to make perfect images without any deterioration nor information loss. 3 The scattering light from an object consists of propagating waves carrying large feature information while evanescent waves carrying¯ne feature (subwavelength) information. The evanescent waves deteriorate exponentially when traveling in any positive refractive index medium and cannot be recovered by the conventional optical lenses of positive index materials, which is therefore accountable for the di®raction-limited images. Superior to conventional lenses, the \perfect lens" theoretically is able to make perfect images by enhancing evanescent waves passing through its negative index materials. The image was created in either near¯eld or far¯eld by recovering a combination of evanescent and propagating waves in image plane without any deterioration nor information loss. Pendry's theoretical proposal paved a way for further study and development of optical imaging beyond the di®raction limit. However, the electric and magnetic¯eld are decoupled at subwavelength regime, which means either negative " or negative is applicable for practice. Fang et al. conceived it and¯rst experimentally demonstrated a superlens taking in material loss and other practical imperfections to account for di®erentiation from perfect lens, by which subwavelength imaging was successfully achieved in near¯eld at UV region in 2005. 16 To get far¯eld real-time super-resolution imaging, hyperlens is a promising technique to project and magnify subdi®raction limit image in far¯eld. 17, 18 Its unique design with employment of the multilayered cylindrical metamaterials requires relatively complex fabrication process to achieve the far¯eld super-resolution imaging.
In this article, we present a review on the development of optical metamaterials and the use of plasmonic metamaterials for subdi®raction limit or super-resolution imaging. We will discuss about the fundamental and the recent achievements as well as look for its research trends in this rapidly growinḡ eld for emerging applications particularly in bio imaging and lithography. This article will be concluded with a brief overview of the research activities in A*STAR on metamaterials and superlens.
Development of Metamaterial Structures Towards Optical Frequencies
Most pioneer works on metamaterials were in the microwave range and studies were made to design structures to give electric and magnetic metamaterials. In general, plasmons in bulk metals occur in the optical regime and usually their permittivity is negative for frequencies between the damping and plasma frequencies of metals. 19 However, in the lower frequency range, the dielectric function of metal is imaginary. Nevertheless, Sir John Pendry pointed out that negative permittivity can be made possible at low frequency by structuring metals to reduce their plasma frequency. 19À21 This was later experimentally veri¯ed by Hibbins et al. 22 Pendry et al. then continue to show theoretically that by having a rolled metal sheet with gaps between each wound, negative permeability can be found. With that, they simpli¯ed the design to the double splitring resonators (SRRs) which shows negative permeability in the microwave range. 23 Based on these designs, Smith et al. demonstrated the¯rst metamaterial structure that consists of metallic double SRRs and wire. 24, 25 The schematic of the evolution of magnetic structure from rolled metal sheet to SRR with wire is shown in Fig. 1 .
The SRR acts as an LC resonator whereby a current is induced when an external magnetic¯eld with varying°ux is normal to a metal loop, according to Faraday's law of induction. By Lenz's law, a magnetic¯eld which opposes the change in induced current is generated. Due to the gap in the SRR, charges are stored as capacitance. This retards the opposing¯eld at frequencies above resonance, thus giving rise to negative permeability. The negative permittivity is provided by the wire and this combination results in both negative permittivity and negative permeability and allows a passband as opposed to a dip for SRR alone in the transmission spectrum. 24, 25 The later experimental veri¯cation that negative refraction does occur in such structures 26 intrigued more in-depth studies to design negative index materials to operate in THz and mid-IR regime. 27À29 To push the operating regime to the higher frequency range, the double SRR is simpli¯ed to a single split-ring design with much smaller dimensions and is demonstrated to operate at 100 THz. 30 In principle, the SRR operates below the plasma frequency of metal and the resonance frequency is inversely proportional to the size of the structure. As such, the u-shaped structure is designed as a simpler version of the SRR, which gives stronger resonance and at shorter wavelength at 1.5 m. 31, 32 However, there seems to be a limit to how small the structure can be scaled down due to the¯nite electron density in real metals, skin depth of metal and the consideration of interband transitions in metals at optical frequencies 33 . Moreover, such a structure can only provide negative permeability. Figure 2 shows how the SRR is simpli¯ed to the u-shape and cut-wire pair structure.
An alternative to the metallic split-ring or u-shaped structure is to create voids in metal/dielectric/metal (MDM)¯lms. It is¯rst demonstrated experimentally that negative index occurs in such a structure at 1.5 m, and this structure has been coined as thē shnet structure. 34 In the direction parallel to the magnetic¯eld, the magnetic¯eld interacts with the MDM region and the induced current°ows between the top and bottom metal¯lms which form the inductor. Due to the presence of void, a closed loop°o w of the induced current is not possible and a capacitance is built up between the metal¯lms. As such, negative permeability can occur. On the other hand, the metallic region in the electric¯eld direction forms negative permittivity. The idea is explained and illustrated in Ref. 35 and shown in Fig. 3 . This seems to be a promising structure to produce double negative index in the optical regime and there have been several studies on such a structure to scale down to shorter resonance wavelength. This is done mainly by changing the type of metal, the dielectric, pitch and line width of metal grating in both electric and magnetic¯eld directions, and thickness of the MDM structure and shape of void.
36À42
Besides pushing metamaterials to operate in optical frequency, it is necessary to ensure that these structures perform well, with a quality indicator given by the¯gure of merit FoM (Àn 0 =n 00 ). It is also important to ensure there is impedance matching such that there is minimal re°ection to degrade the performance. 43 Several theoretical and experimental studies have been concentrated on the designrelated loss in the¯shnet structure based on the type of voids, thickness of metal and structure design. 44À49 Practical use of metamaterials is limited by its narrow band of response and high loss. Hence, to tackle the issue of narrow band of response, metamaterials structure involving varying pitches, 50 displacement of layers in the x; y plane, 51 spatial arrangement of the structures in the case of sterometamaterials 52 or incorporation of tunable materials such as liquid crystals have been reported.
53À55
Their schematics are shown in Fig. 4 . Adding gain material into metamaterial structure is one possible route to reduce loss. This is proposed by having a gain medium between two¯shnet structures, 56 by embedding the¯shnet structure in Rhodamine 800 dye molecules, 57 or by submerging metamaterial . 58, 59 For superlens application, incorporating gain in superlens can theoretically not only reduce loss but also increase the resolution, 60 thus forming an important point for fabricating low-loss metamaterial. Recently, Shalaev et al. have demonstrated a signi¯cant improvement in FoM through adding dye as a replacement of the alumina dielectric layer in the¯shnet structure. The illustration of the fabrication of such structure is shown in Ref. 61 and Fig. 5(c) . So far the structures discussed are of one-layer design. It is believed that with multilayer stacks, this will lead to improved transmission and reduced loss. 62 Nevertheless, the main issue of multilayer stacks lies in its fabrication. Threefunctional layer has been realized by standard e-beam lithography and lift-o® process. 63 Nevertheless, for much smaller structure where the resist cannot be too thick, the lift-o® process can get more tedious for multilayer¯lm evaporation. 64 One common way is to fabricate the¯rst metal structured layer via lift-o® or etching process, followed by planarization with dielectric or polymer and patterning of the second metal layer. The process is repeated till the desired number of layers is achieved. 65À67 Another promising way to make nanostructured multilayer stack is by focused beam milling. 68, 69 In-depth reviews on the metamaterial structure evolution to operate in optical regime and its fabrication can be found in Refs. 64 and 70À72.
Superlens
In 2000, Pendry proposed that if there exists a lens of thickness d 2 with refractive index of À1 and located at distance d 1 from a light source, light will focus at z ¼ d 2 À d 1 as shown in Fig. 6(a) . 3, 73 In the ideal case where " ¼ ¼ À1, the refractive index is negative and the impedance Z ¼ ð 0 ="" 0 Þ 1=2 > 0. Thus there is perfect match to free space with no re°ections at the interface. In addition, the evanescent waves are ampli¯ed during the process and contribute to the resolution of the image (i.e. Fig. 6(b) ). It was further proposed that using p-polarized light, only the condition " ¼ À1 is necessary, provided that the slab is thin and much smaller than wavelength of light. 3, 74 Based on this idea, the metamaterial superlens experiment was successfully demonstrated in 2005 by Fang et al. at 365 nm wavelength as mention above. As shown in Fig. 7 (a), it utilized a thin slab of 35 nm silver as the superlens to be able to resolve 60 nm half-pitch grating structures recorded in photoresist, which is about one sixth of illumination wavelength of 365 nm. 60 nm half-pitch gratings were inscribed onto a 50 nm-thick chrome deposited on quartz substrate. It was then planarized with a 40 nm-thick layer of PMMA to provide a spacer between object and superlens. A 35 nm-thick silver layer was evaporated onto the spacer followed by coating with a 120 nm-thick negative photoresist for image recording at near¯eld.
The substrate was then°ood-exposed at 365 nm and developed. Thus, the near¯eld optical imaging was converted into the surface morphology of the developed negative photoresist, which was mapped by atomic force microscopy (AFM) as shown in Fig. 7(b) . In comparison, a control sample prepared by replacing the silver layer with a PMMA layer of the same thickness was not able to resolve the 60 nm half-pitch object and its corresponding image shown in Fig. 7 (c). This work laid a foundation for consequential studies of superlens at optical frequency, which could result in signi¯cant impacts for applications such as lithography for the semiconductor industry. Another research group also presented silver superlens e®ect using similar scheme almost in the same year. 75 After that, similar designs and characterizations methods have been commonly applied for further optimization and development at the wavelength from near to deep UV range.
76À79 So far, the¯nest resolvable features imaged by superlens are the 30 nm half-pitch nanoimprinted lines using a Ge wetting layer to get an ultra-smooth silver superlens.
79 Figure 8 (a) schematically shows the design of this 15 nm thick silver superlens evaporated on a seed layer of 1 nm Ge to achieve a surface roughness at about 0.8 nm. The image shown in Fig. 8 (b) indicated that the smooth Ag superlens had minimized the subwavelength information loss due to scattering, in order to realize a high image resolution of about /12 at 380 nm wavelength.
Superlens e®ect has also been demonstrated at other frequencies. A low loss SiC superlens with an image resolution /20 in terms of wavelength was demonstrated at mid-infrared frequency ( % 11 m) through direct mapping with NSOM, 80 as shown in Fig. 9 . The superlens was a 440 nm single crystal SiC¯lm with both sides coated with 220 nm SiO 2¯l ms. 60 nm thick Aū lm with holes of diameters from 540 nm to 1200 nm are the objects to be imaged. The recorded NSOM images of amplitude and phase contrast were able to su±ciently resolve the /20-sized objects.
The above superlens is able to make subdi®raction-limit imaging at near¯eld or the vicinity of superlens surface. In practical usage a far¯eld imaging could give the chance to observe nanometer scale features directly. Therefore, scientists have been motivated and proposed a far¯eld superlens made of thin°at silver plus periodic corrugations. 81À83 The far¯eld superlens signi¯cantly enhanced the evanescent waves of the object and converted them into propagating waves by a coupling element of periodic gratings as shown in Fig. 10 . The design of this far eld superlens is detailed in Fig. 10(a) . Its detection setup is schematically shown in Fig. 10(b) with an incident light of wavelength 377 nm illuminating from the substrate side. A pair of 40 nm-thick Cr slits with a width of 50 nm and space of 70 nm is patterned by focused ion beam on quartz substrate and its SEM picture is shown in Fig. 10(c) . Figure 10(d) shows the di®raction-limited image by a conventional microscope, which is not able to resolve the two nanowires due to the di®raction limitation as expected. In comparison, the evanescent waves scattered from the object are signi¯cantly enhanced by surface plasmon excitation followed by transforming into propagation waves in the far¯eld with p-polarized illumination. Subsequently the evanescent information with p-polarized light and propagating information under s-polarized light was coupled by this far¯eld superlens to make such a pair of 50 nm-wide lines clearly resolvable in the far¯eld as shown in Fig. 10(e) . Superior to those point-by-point scanning techniques, far¯eld superlens exhibit several advantages such as high throughput and real-time imaging, which enables it as a promising tool for the application in bio-imaging and brings us closer to the ultimate goal of a nanoscope. 
Optical Metamaterials and Super-Resolution Imaging 49
In the above cases of a thin silver slab acting as the superlens, the system is susceptible to high absorption loss and the transmission tends to be low. Pendry et al. initiated using a multilayer stack consisting of thin ($ 5À10 nm) metallic and high dielectric constant dielectric¯lms to image in the near¯eld to minimize the absorption e®ect. 72, 84 An advantage is that the multilayer¯lms possess anisotropic properties and allow light to be guided with little diffraction. Thus at zero frequency, the image is formed directly from the object. 72, 85 However such thin¯lms are di±cult to fabricate as they tend to be semicontinuous. Therefore Scalora et al. designed a metalÀdielectric photonic band-gap structure with dielectric thickness to be =4 À =2. The metal¯lms form a cavity and light tunnel through the layers at wavelength . 85 In their example, the metal, Ag, is 32 nm thick and the dielectric of n ¼ 4 is 21 nm thick. The resonance wavelength is around 400 nm and this can be altered by changing the thickness of the¯lms and refractive index of the dielectric. The tunability and enhanced resolution of a metalÀdielectric lens design compared to a single slab make it a more attractive way to achieve subwavelength imaging. Therefore there have been several e®orts to study theoretically the design of metalÀdielectric lens structure 86, 87 and experimentally to form smooth MDM structures. 
Hyperlens
Hyperlens is similar to the metalÀdielectric stack lens design except that it o®ers extra feature of magni¯cation. The term \hyperlens" comes from the use of a metamaterial with a hyperbolic dispersion relation -the root governing the ability of the hyperlens to resolve images beyond the diffraction limit. 91 Considering a cylindrical coordinate system (r; '; z) with no z-variation and an anisotropic permittivity, the dispersion relation of an electromagnetic wave can be written as
where k r and k ' are the wave vectors and " r and " ' are the electric permittivities along the * r and * ' directions, respectively; ! is the circular frequency and c is the velocity of light. For common dielectrics (i.e. materials which exhibit positive real permittivity), this equation is that of an ellipse. Thus, the total wave vector of an electromagnetic wave at a given frequency is bound to the perimeter of this ellipse, as shown by the short-dashed curve in Fig. 11(a) . This condition on the magnitude of the wave vector places an intrinsic limit on the spatial frequencies that a traditional lens may resolve. Assuming " ' > 0 and " r < 0, a hyperbolic dispersion relation [solid curve in Fig. 11(a) ] will be given by Eq. (1). At such a condition, the isofrequency curve of the k r ; k ' plot becomes a hyperbola, thus yielding an unbound value of the magnitude of the wave vector. Therefore, it becomes possible that such a material system can be used to fabricate a lens capable of arbitrarily imaging high spatial frequencies, thus surpassing the di®raction limit. Due to the relatively unusual conditions of the permittivity components, metamaterials are the logical option to construct the hyperlens. It is worth noting that such metamaterials possessing dielectric anisotropy of di®ering signs are now known as inde¯nite media. Figure 11(b) shows the optical¯eld distribution in an ordinary material due to two point sources separated by a subwavelength distance; clearly, the image of two separate sources is irresolvable in the far¯eld. By placing the two subwavelength-separated point sources in close proximity to the inner surface of the hyperlens, as shown in Fig. 11(c) , the optical¯eld distribution yields an image of the two sources in the far¯eld. Ma et al. have also discussed that the hyperbolic dispersion may not be strictly necessary. 93 The purpose of the hyperbolic dispersion is to access large components of the tangential wave vector. However, the same access could be achieved based on high eccentricity elliptic dispersion (long-dashed curve in Fig. 11(a) ). The corresponding¯eld simulation is shown in Fig. 11(d) ; similar far¯eld imaging of a subwavelength feature is realized although it is not as good as the hyperbolic case of Fig. 11(c) .
Considering the fact that real materials exhibit a certain degree of loss, a design with cylindrical geometry was therefore proposed for the hyperlens. In this geometry, the compression of the '-component of the wave vector transforms evanescent portions of the angular spectrum into resolvable information and the magni¯cation at the output surface is given simply by the ratio of the radii at the two surfaces r outer =r inner . 90, 93, 94 The designed hyperlens may have strong anisotropy in the metamaterial permittivity, which could induce strong scattering and hence damage the imaging quality. 94 To avoid this, an impedance match between the hyperlens metamaterial with the medium it is immersed in needs consideration, to minimize the surface re°ections. 95 The¯rst optical hyperlens was experimentally demonstrated using the conformal¯lm deposition method on a half-cylindrical cavity on a quartz substrate. 96 It consisted of 16 pairs of layers composed of 35 nm-thick silver and 35 nm-thick alumina, above which a 50 nm-thick chromium layer was deposited to block the unwanted incident light, as shown in Fig. 12(a) . A plane wave at the wavelength of 365 nm was used to illuminate the subdi®raction limit objects milled on the chrome layer. The light scattered (evanescent wave) by the objects that possessed high transverse k-vectors could be collected by the hyperlens and continue to propagate outward along the radial direction. During the propagation, the high transverse k-vectors were compressed gradually, resulting in a magni¯ed image of the subdi®raction-limited object on the outer boundary of the hyperlens. The k-vector of the image on the outer boundary was compressed small enough to propagate in the medium surrounding the outer boundary of hyperlens, so the image could continue to propagate and thus be detected with conventional optics in the far¯eld. The¯rst hyperlens demonstrated can directly resolve a pair of lines 35 nm wide, separated by 130 nm, in the far¯eld under a conventional microscope, as showed in Fig. 12(b) . Figure 12(c) showed the comparison of the images acquired without the hyperlens, in which the subdi®raction limited object cannot be resolved. Such a hyperlens can magnify arbitrary objects with subdi®raction-limited resolution because it can support the propagation of a very broad spectrum of wave vectors. Figure 12(d) is the proof that a clear image of the letters \ON" shows the¯ne features of the object. Another type of cylindrical hyperlens is reported by Smolyaninov et al.
97 Figure 13 (a) shows the schematic of the cylindrical magnifying hyperlens, which is based on the theoretical proposals of an optical hyperlens, 91 metamaterial crystal lens 92 and plasmon-assisted microscopy technique. 98 The plasmons generated by the phase-matching structure illuminate the sample positioned near the center of the superlens. The lateral distance between the images produced by the alternating layers of materials with positive and negative refractive index grows with distance along the radius. The magni¯ed images are viewed by a regular microscope. This magnifying hyperlens consists of concentric alternate PMMA and vacuum rings on a gold¯lm. The SPP dispersion for the goldÀvacuum and goldÀ PMMA interfaces in the frequency range is marked by the box in Fig. 13(b) . PMMA has negative refractive index n PMMA < 0 as perceived by plasmons (the group velocity is opposite to the phase velocity). The width of the PMMA rings d PMMA is chosen so that n vac d vac ¼ Àn PMMA d PMMA , where d vac is the width of the goldÀvacuum portions of the interface and n vac is the refractive index of vacuum. At this condition, all the rays in the superlens tend to propagate along the radial direction. Such a magnifying superlens can directly resolve at least 70 nm, or $ l=7 at the wavelength of 495 nm.
For hyperlens imaging, it would be bene¯cial to make the working wavelength cover the entire visible light band, and thus enable a broad range of applications, such as the study of live cells and molecules. Smith et al. have theoretically investigated the metamaterial optical hyperlens for this purpose. 99, 100 Two di®erent material systems, Al 2 O 3 /Ag and TiO 2 /Ag, were investigated for the visible band for oxides: metal volume ratios ranging from 0 to 6. Figure 14 clearly shows that the material combination and wavelength can be used for designing a visible hyperlens.
Very recently, Rho et al. reported the spherical hyperlens with resolution beyond the di®raction limit in two lateral dimensions at a visible wavelength. 101 The design is shown in Fig. 15 . The spherical hyperlens is arranged in hemisphere geometry with alternating metallic and dielectric layers, as shown in Fig. 15(a) and a cross section drawing in Fig. 15(b) . It consisted of nine pairs of layers composed of 30 nm-thick silver and 30 nm-thick titanium oxide, above which a 50 nm-thick chromium layer was deposited to block the unwanted incident light. The titanium oxide chosen here is to match the magnitudes of permittivities in the silver at the operation frequency. At 410 nm, the titanium oxide has a dielectric constant of 5.83, whereas the permittivity of silver at this wavelength is À4:99 þ 0:22i. 102 It was designed with°at hyperbolic dispersion that supports wave propagation with very large spatial frequency and yet same phase speed. A small positive " together with a large negative " r results in the propagation of a transverse magnetic wave being governed by a°at hyperbolic isofrequency contour shown in Fig. 15(c) , which allows the propagation of waves with much larger spatial frequencies than in natural media. This designed spherical hyperlens can resolve features down to 160 nm, much smaller than the di®raction limit at visible wavelengths, that is, 410 nm, as shown in Fig. 15 . The demonstration of hyperlenses has sparked tremendous research interest and applications. The hyperlenses have the capabilities to directly demonstrate subdi®raction limited resolution imaging in the far¯eld, hence the time-consuming point-by-point scanning and image reconstruction can be avoided. Reciprocally, they can also be used for subdi®raction photolithography by recording the mini¯ed image of an object in the outer space far¯eld into the photoresist. Therefore, hyperlenses are very promising in various areas for di®erent applications, such as super-resolution imaging, nanophotolithography, 103 sensing and information storage.
Three-Dimensional Metamaterials for Imaging
Currently, the research on hyperlenses is still in the early stage and the proof-of-concept experiments only show promising but preliminary results. The performance of a hyperlens can be further boosted by optimization in terms of geometric designs, material losses and fabrication processes. The main limitation of the hyperlens imaging is that the object has to be placed very close to the inner surface of the hyperlens, which physically limits the imaging depth and¯eld of view. In addition, the demonstrated hyperlenses so far can only achieve super-resolution in either one or two directions. For practical applications, it is highly desirable to achieve three-dimensional hyperlenses with super-resolution in all directions. Therefore, there have also been intense e®orts in fabricating isotropic negative index metamaterials in a hope to realize high resolution lenses. One way to make three-dimensional structure is rst to deposit the multilayer¯lms and then roll them to form a tube. In the work by Mendach et al., 104 they had an AlAs sacri¯cial layer below the strained InGaAs, GaAs and Ag multilayers. When the AlAs sacri¯cial layer is etched away, the metalÀdielectric stack minimizes strain energy by rolling into a tube, as illustrated in Fig. 17(a) . In a separate work by Gibbons et al., they used a 0.8 m layer of polystyrene sulfonic acid (PSS)¯lm as a sacri¯cial layer on Si substrate. Au and polystyrene¯l ms are used as the metalÀdielectric stack. When PSS is dissolved, the¯lms are rolled around a cylindrical quartz rod in a helical manner, as shown in Fig. 17(b) . 105 On a di®erent approach, Burckel et al. recently demonstrated the fabrication of three-dimensional metamaterial using self-aligned membrane projection lithography. 106, 107 In their method, they¯rst created an opening, and on top of the opening, there is a PMMA resist patterned membrane. The membrane acts as a shadow mask where metal¯lms are deposited on the structure at various deposition angles. As such, the metamaterial structure is created on di®erent sides of the opening beneath the membrane, as shown in Fig. 18 . Another method for far¯eld super-resolution imaging has been experimentally demonstrated recently by using aligned gold nanowires embedded in a porous alumina matrix to achieve a resolution of at least /4 at near-infrared wavelength (1550 nm). 108 The 10 m-thick composite medium serving as threedimensional metamaterials superlens enabled transferring both far¯eld and near¯eld information over a remarkable distance of more than 6, as shown in Fig. 19 .
Metamaterials and Superlens
Research in A*STAR Foreseeing its enormous potential applications in industries like semiconductors, microelectronics, optics, green energy and biomedical engineering, the Agency for Science, Technology and Research (A*STAR) has started a Metamaterials Programme in 2010 to develop metamaterials and plasmonics science and technology and especially their industry applications. This program cuts across the local research organizations and draws on existing capabilities from both A*STAR and local universities, the Nanyang Technological University (NTU) and the National University of Singapore (NUS), to collaboratively work on this area. Superlens project is one of the projects under this program to develop the super-resolution imaging technology through innovations in structure design, materials engineering and two-dimensional/three-dimensional optical metamaterials fabrication to enhance the quality of super-resolution imaging. Some of the results are brie°y introduced below.
Minimizing surface roughness of the metals and dielectrics is one of the most essential speci¯cations to deliver subdi®raction-limit imaging. Rough surface leads to increasing scattering loss to demolish the subwavelength information carried by evanescent waves, which would be the major obstacle for superlens fabrication. Polymer-based dielectrics are naturally smooth after spin-coating with subnanometer roughness. Although the surface becomes rough after undergoing dry etching process to thin initial thickness down to a desirable value, a re°ow process is e®ective enough to produce a smooth surface of a roughness comparable to its initial surface. 109, 110 In contrast, silver¯lms, which have been most frequently employed in superlens due to its intrinsic optical properties, exhibit rough surfaces of above 2 nm in terms of root mean square (rms) produced by conventional deposition methods such as sputtering, evaporation and electroplating, etc. Producing ultra-smooth silver¯lms has been propelled by the increasing demand not only from the development of subdi®raction-limit imaging, but also nanoplasmonics and negative refractive index materials.
An e®ective method to produce ultrasmooth silver¯lms by deposition on top of a thin seed layer of germanium has been reported. 111 A dramatic improvement of surface roughness to about 0.6 nm (rms) with a 15 nm Ag/2 nm Ge¯lm has been achieved by electron beam evaporation. Liu et al. have also been motivated to¯nd a seed layer material to be able to not only create an ultra-smooth Ag¯lm, but also improve its surface plasmon resonance (SPR) for plasmonic and metamaterials applications. Both Ag/Ni and Ag/Ge¯lms are investigated in terms of surface plasmon resonance through experimental and theoretical means, as well as compared with a pure Ag¯lm. Figure 20 shows the surface topographies of Ag/ Ni¯lms deposited on silicon and quartz respectively, and the surface plasmon resonance re°ectivity curve at 632.8 nm wavelength. Both experimental and simulation results show that the Ag/Ni¯lms exhibit an enhanced SPR over the pure Ag¯lm with a narrower full width at half maximum. Ag¯lms with a Ge seed layer have also been prepared under the same conditions. The surface roughness can be reduced to less than 0.7 nm, but narrowing of the SPR curve is not observed due to increased absorptive damping in the Ge seed layer. The results show that Ni acts as a growth layer of diminishing The e®ect of surface morphology on the optical properties in metalÀdielectricÀmetal (MDM) thin lm was also investigated by using a Ag/MgF 2 /Ag system deposited on Si substrate with varied evaporation rate and thus di®erent surface roughness and grain size. 90 The re°ectance spectra of the Ag/ MgF 2 /Ag¯lms show a dip due to surface roughnessinduced excitation of surface plasmon polaritons. The dip position varies from 650 to 800 nm, depending on the surface morphology of the multilayered¯lm. Figure 21(a) shows the re°ectance spectrum for samples at di®erent deposition rate. The SPP excitation at the air/Ag interface due to the surface roughness is the main reason to cause the re°ectance dip. The measured spectra are well matched with Fresnel re°ection simulation of the multi-layer¯lm by using the DrudeÀLorentz function and MaxwellÀGarnet theory for the discontinuous Ag¯lm. We found that the¯lling ratio of the Ag¯lm plays an important role in determining the dip position and the damping factor is the main contribution to the linewidth. Interesting empirical relations were also found between the optical properties and the morphology information, as showed in Fig. 21(b) , where the dip position is proportional to¯lling factor f, surface roughness and the Ag grain size d, $ fd 3 . The study is important to metal-dielectric-based structures for high resolution super-resolution imaging. The unique features of such an MDM¯lm could also be used for color lters. Superlens by using a thin Ag¯lm had been proved to be able to realize subdi®raction limitation imaging at near¯eld. Image contrast and resolution are the key factors to evaluate superlens imaging ability. The subdi®raction-limited image is conventionally converted into the photoresist (PR) topographic modulations and then read by AFM scanning. We applied the Ag, Ag/Ni and Ag/Gē lm to the superlens application by using a Cr grating with a linewidth of 55 nm and space of 45 nm as the object. A planarization process before the Aḡ lm deposition was conducted and achieved a smoothness of less than 1 nm. The recorded optical images in PR were characterized by AFM in tapping mode. The depth obtained by scanning over the surface topography of the developed PR in the pure Ag superlens is larger than Ag/Ni superlens while the Ag/Ge lens has the least depth contrast. Figure 22 (a) shows a typical AFM three-dimensional picture of the developed PR after the Ag superlens imaging process; Fig. 22(b) shows the simulated point spread function for di®erent Ag layer superlens. Both experimental and simulation results showed that the Ag superlens has the highest contrast compared to Ag/Ni and Ag/Ge superlens. The key reason could lie on the fact that all the Ag layers deposited on the smooth planarization polymer layer have no big di®erence in surface roughness and the role of seed layer in reducing surface roughness is not eminent in the superlens structure. Interestingly, the contrasts of all the three superlens are signi¯cantly higher than those in previous reports, where the scanned depth of PR pro¯le varied from about only 5 to 10 nm or even less. The FWHM of the cross-section of the image PR line, which stands for the resolution of superlens, was measured at about 70 nm. It shows that this superlens is able to resolve a 45 nm-wide object by a near¯eld imaging of about 70 nm FWHM.
In summary, the A*STAR Metamaterials Programme has made a number of interesting discoveries and technology innovations in metamaterials, plasmonics and super-resolution imaging.
112À131 These results should be helpful for the development of the metamaterials science and technology especially the superlens/hyperlens for future nanoscope technology. The team is continuing the e®orts and will try to transform ideas, academic results and patents into real applications in industries for Singapore's economy growth.
Conclusion
In the past, scientists focused on the theoretical and experimental studies of metamaterial structures, be it in the microwave or optical range. After better understanding on the mechanism to form magnetic and double negative materials, the e®orts has been moved to low-loss, three-dimensional, isotropic metamaterial in the visible range. The major interest for developing such structures is in the potential application of super-resolution imaging. Nevertheless, it remains a challenge to design and fabricate low-loss metamaterial structures with speci¯c negative index over a certain wavelength range for imaging application. In addition, the realization of three-dimensional structures especially at small dimensions is a nontrivial work. With much interest and e®orts worldwide, we foresee more breakthroughs in metamaterials research and more metamaterials enabled applications in markets like optical nanoscope in the near future.
